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Frictional behavior of granular gravel-ice mixtures in
vertically rotating drum experiments and implications for
rock-ice avalanches
Abstract
Rapid mass movements involving large proportions of ice and snow can travel significantly
further downslope than pure rock avalanches and may transform into debris-flows as the ice
melts and as water from the stream network or water-saturated debris is incorporated.
Currently, ice is thought to have three distinctive effects: 1) reduction of the friction within the
moving mass itself, 2) increase of pore pressure as the ice melts and consequent reduction of
the shear resistance of the flowing material, and 3) reduction of boundary friction where the
failing mass travels on a glacier. However, measurement-based evidence to support these
hypotheses is largely missing. In this study, laboratory experiments on the first two
mechanisms were carried out in two partially-filled large rotating drums, one in Vienna
(Austria) and a second in Berkeley (USA). Varying proportions of cold gravel and gravel-sized
ice were mixed and added to the rotating drum running at constant rotational velocity until all
ice had melted. Flow behavior was recorded with flow depth, normal force, shear force,
pore-water pressure, and temperature sensors. The bulk friction coefficient was found to
decrease linearly with increasing ice content by ~ 20% in the early phase of the experiments,
before significant portions of the ice transformed into water. For ice contents larger than 40%
by volume, the transformation from a dry granular flow to debris-flow-like movement or
hyperconcentrated flow was observed when pore-water pressures rose and approached the
normal forces along the flow profile. Pore-water pressure from melting ice developed within
several minutes after the start of the experiments and, as it increased, progressively reduced
the friction coefficient. The results emphasize that the presence of ice in granular moving
material can significantly reduce the friction coefficient of both dry and partially-saturated
debris. Due to size effects and the absence of other factors reducing friction (e.g. surfaces with
low friction and rock comminution), the absolute measured friction coefficients from the
laboratory experiments were larger than those found from natural events. However, the
relative changes in friction coefficients depending on the ice and water content may also be
considered in real-scale hazard assessments of rapid mass movements in high mountain
environments.
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 Rapid mass movements involving large proportions of ice and snow can travel significantly further 12 
downslope than pure rock avalanches and may transform into debris-flows as the ice melts and as water from the 13 
stream network or water-saturated debris is incorporated. Currently, ice is thought to have three distinctive 14 
effects: 1) reduction of the friction within the moving mass itself, 2) increase of pore pressure as the ice melts 15 
and consequent reduction of the shear resistance of the flowing material, and 3) reduction of boundary friction 16 
where the failing mass travels on a glacier. However, measurement-based evidence to support these hypotheses 17 
is largely missing. In this study, laboratory experiments on the first two mechanisms were carried out in two 18 
partially-filled large rotating drums, one in Vienna (Austria) and a second in Berkeley (USA). Varying 19 
proportions of cold gravel and gravel-sized ice were mixed and added to the rotating drum running at constant 20 
rotational velocity until all ice had melted. Flow behavior was recorded with flow depth, normal force, shear 21 
force, pore-water pressure, and temperature sensors. The bulk friction coefficient was found to decrease linearly 22 
with increasing ice content by ~20% in the early phase of the experiments, before significant portions of the ice 23 
transformed into water. For ice contents larger than 40% by volume, the transformation from a dry granular flow 24 
to debris-flow-like movement or hyperconcentrated flow was observed when pore-water pressures rose and 25 
approached the normal forces along the flow profile. Pore-water pressure from melting ice developed within 26 
several minutes after the start of the experiments and, as it increased, progressively reduced the friction 27 
coefficient. The results emphasize that the presence of ice in granular moving material can significantly reduce 28 
the friction coefficient of both dry and partially-saturated debris. Due to size effects and the absence of other 29 
factors reducing friction (e.g. surfaces with low friction and rock comminution), the absolute measured friction 30 
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coefficients from the laboratory experiments were larger than those found from natural events. However, the 31 
relative changes in friction coefficients depending on the ice and water content may also be considered in real-32 
scale hazard assessments of rapid mass movements in high mountain environments. 33 
Keywords: rock-ice avalanche, friction, debris-flow, physical experiments, rotating drum, flow transformation, 34 
hazard assessment 35 
 36 
1. Introduction 37 
Cryospheric systems are sensitive to climate change and generally respond quickly (Haeberli et al., 1997; 38 
Noetzli and Gruber, 2009; Salzmann et al., 2007). The decay of glaciers and degradation of permafrost can cause 39 
slope instabilities and large rapid mass movements in steep high mountain areas (Davies et al., 2001; Dramis et 40 
al., 1995; Geertsema et al., 2006; Gruber and Haeberli, 2007; Haeberli et al., 2003; Haeberli et al., 1997; Harris 41 
et al., 2001; Harris et al., 2003). The number of large slope failures in glaciated high mountain areas has 42 
increased in the last two decades as compared to the 20
th
 century  and may further increase in future (Fischer, 43 
2009; Geertsema et al., 2006; Huggel et al., 2010; Van Der Woerd et al., 2004). While there is a broad variety of 44 
possible effects causing high mobility of large rapid mass movements (see discussion in Erismann and Abele, 45 
2001; Korup et al., 2011), slope failures from glacial environments are often subject to an additionally enhanced 46 
mobility for several reasons (e.g. Evans and Clague, 1988): 1) due to their origin, the moving mass usually 47 
contains or entrains a considerable proportion of snow and ice which reduces friction within the moving mass, 2) 48 
the transported snow and ice continuously supply meltwater due to frictional heating and convective mixing with 49 
non-frozen ground material and air, reducing the shear resistance of the flowing material as it reaches lower 50 
regions, and 3) propagation over a glacier which serves as a low friction surface can strongly increase the 51 
avalanche velocity and hence its momentum, resulting in an extended runout distance.  52 
The rock avalanches on Sherman glacier on March 27, 1964 (Shreve, 1966), from Mt. Munday around June, 53 
1997 (Evans and Clague, 1998), from Aoraki/Mt. Cook in 1991 (McSaveney, 2002), and the earthquake-54 
triggered large multiple landslides and rock avalanches at Black Rapids on November 3, 2002 (Jibson et al., 55 
2006) are a few examples for large and/or long-runout events on glacial surfaces. The enormous rock and ice 56 
masses which detached from Huascarán in Peru on January 10, 1962 and May 31, 1970 have caused a total death 57 
toll of 7,000 people ((Evans et al., 2009a), with older estimations reaching as high as 22,000 casualties (Plafker 58 
and Ericksen, 1978)), and have dramatically shown the catastrophic potential of combined rock-ice avalanches if 59 
they reach populated regions. On September 22, 2002, the extreme mobility of gravel-ice mixtures was again 60 
tragically demonstrated by the Kolka glacier failure in the Russian Caucasus (Evans et al., 2009b; Kotlyakov et 61 
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al., 2004). Both events were characterized by extremely high velocities, high ice contents, and flow 62 
transformations (multi-phase movement) along the flow path, to debris-flows that traveled a great distance 63 
downstream (Petrakov et al., 2008). The unexpected and sudden initiation of large rock-ice avalanches makes 64 
any direct physical measurements in the field impossible. Therefore, the current knowledge of rock-ice 65 
avalanches is largely based on post-event documentation, using remote sensing data and some field 66 
investigations of the source zone, travel path, and deposition area. While a broad range of case studies exist, 67 
there is no physical quantification of the effects of ice on frictional characteristics available.  68 
In this study we focus on the frictional characteristics of different gravel-ice mixtures and on the 69 
development of an inter-granular fluid (water) phase by using two large rotating drums. The first aspect 70 
considers the influence of the proportion of granular ice on the bulk friction coefficient (tangent of friction angle) 71 
while the second aspects concentrates on the time-evolution of the friction angle when the ice is melting, 72 
mimicking the evolution of a rock-ice avalanche during its runout. Rotating drums have been used for debris-73 
flow rheology studies (Huizinga, 1996; Kaitna and Rickenmann, 2007b), measurements of bedrock erosion by 74 
debris-flows (Hsu et al., 2007; 2008), abrasion of fluvially transported grains (Kodama, 1994; Mikoš and Jaeggi, 75 
1995), observations of grain-size segregation (Henein et al., 1985; Hsu, 2010), and for investigations on flow 76 
characteristics of dry granular material (Chou and Lee, 2009), but not for granular flow experiments containing 77 
gravel and ice. An advantage of drum experiments is that experimental devices allow measurements for pre-78 
defined time spans at a given rotational velocity and enable long periods of observation so that flow 79 
transformations related to the melting of ice can be observed. The experimental setup in rotating drums is suited 80 
to study the flow process in a quasi-stationary regime, but neither initiation nor deposition.  81 
 82 
2. Experimental design 83 
2.1 Drum characteristics and velocity scaling 84 
Because full dynamic similarity for geometrically similar flows at different sizes is probably impossible to 85 
achieve (Iverson et al., 2010), the best way to reduce this problem is to use the largest possible scale (Hsu, 2010). 86 
The laboratory experiments were performed in two similar vertically rotating drums with diameters of 246 cm in 87 
Vienna and 399 cm in Berkeley (Fig. 1 and Table 1). Each drum had its own advantages: The rotational drum in 88 
Berkeley was the largest facility available, while the smaller drum in Vienna has additional and redundant 89 
instruments. In addition, because of its smaller size and consequently reduced effort needed to set up and 90 
document flows, more experiments can be conducted in the smaller drum. The ratio of diameters of the smaller 91 
drum to the larger drum is 0.62. This value served for linear geometrical scaling of most parameters between the 92 
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two drums. The width of both drums is given and cannot be changed, however the proportionality factor of 0.56 93 
is very close to 0.62.  94 
To prevent sliding on the otherwise smooth drum bed, in the larger drum 25 mm high risers were placed 95 
every 20 cm along the bed, while on the bottom of the smaller drum a 10 x 10 mm PVC grid with a height of 96 
approximately 2 mm was fixed. Hence, the proportion of the height of the different roughness elements between 97 
the two drums is only 0.08 compared to 0.62 for geometry in general. Because individual grains are caught 98 
between the risers of the larger drum as well as in the PVC grid at the bottom of the smaller drum, the effective 99 
sliding surface during the experiments largely consisted of grains from the mixture. This roughening of the 100 
boundary ensured that a basal resistance similar to that of a flow over a natural rough boundary was established. 101 
The volumes of the mixtures were scaled by identical percentage fills to be comparable between the two 102 
different drums as proposed by Henein et al. (1983b). Our goal was to use a volume of material that created 103 
flows significantly thicker than the maximum grain diameter, but minimized the infilling of the drum to reduce 104 
bed curvature effects. In the larger drum we used a volume of 0.4 m
3
 that corresponds to a percentage fill of 105 
4.00% with a radius of 1.994 m and a drum width of 0.8 m. Applying the same percentage fill to the radius and 106 
width of the smaller drum led to the volume of 0.0856 m
3
 that was used there.  107 
We were using the same liquids in the laboratory as in nature (air and water), so that full dynamical scaling 108 
which includes Froude- and Reynolds-similarity was impossible (see discussion by Paola et al., 2009). For 109 
geometrical length scales λL in the order of ~100 between real events and experiments, Reynolds scaling would 110 
consequently have required velocities many times larger than in natural flows (having average velocities often 111 
around 50 m/s), which was impossible in the laboratory. Furthermore, Reynolds scaling is more appropriate for 112 
questions related to the relative importance of inertial and viscous forces, and field evidence, e.g. the presence of 113 
turbulence, suggests that inertial forces dominate. Froude scaling, which we use in this study, has been applied 114 
with some success to other mass movements (e.g. for some aspects of debris-flows, Rickenmann, 1999; Kaitna, 115 
2006; Paola et al., 2009), where the relative importance of gravitational and inertial forces is expected to be 116 
relevant. Accordingly, the target rotational velocities udrum (equal to average flow velocity relative to the channel 117 
bed) in the two drums were scaled after Henein et al. (1983a; 1983b) by making use of the Froude numbers Fr: 118 
   
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where d is the drum diameter, and D50 the median particle size. The indices V and B refer to Vienna and 120 
Berkeley. Because Froude numbers should be the same in models of different sizes and in nature we needed to 121 
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linearly scale D50 to d (see section 2.2). After Ding et al. (2002), the rotational Froude number Frrot is calculated 122 
as following: 123 
   
g
r
FrFr
BrotVrot
2  (2) 124 
where ω is the angular velocity (rad/s), r the drum radius (m) and g the gravitational acceleration (m/s2). In the 125 
larger drum we found an angular velocity of 1.047 rad/s (10 rpm, 2.09 m/s) to be appropriate because this was 126 
close to the upper limit of possible velocities where measurements were still reasonable before the flow became 127 
too splashy and unsteady to make any useful flow depth or normal force measurements. This resulted in Frrot = 128 
0.22 for the larger drum that was used to calculate a target angular velocity of 1.333 rad/s (12.75 rpm, 1.64 m/s) 129 
for the smaller drum to achieve the same rotational Froude number there. 130 
Because we later aim to compare the flows in the two drums to rock-ice avalanche events in nature, we used 131 
the hydraulic Froude number Frhyd (Henderson, 1966) that includes the velocity u, the gravitational acceleration 132 
g, and the characteristic length h: 133 
gh
u
Frhyd   (3) 134 
The Froude number Frhyd is widely used to characterize debris-flows (e.g. Fraccarollo and Papa, 2000; Huebl 135 
et al., 2009), snow avalanches (Kern et al., 2009), and was already applied to describe the flow of natural debris-136 
flow material in the smaller drum (Kaitna et al., 2007). Numerical modeling results of rock ice avalanche events 137 
at Aoraki/Mt. Cook in New Zealand and at Iliamna Volcano in Alaska (Schneider et al., 2010) revealed 138 
hydraulic Froude numbers between 4 and 6 for characteristic velocities u and flow heights h (see also section 139 
5.3). These values are consistent with estimates of Frhyd from the Huascarán and Kolka events, which both are 140 
around 5. The values are clearly above 1, indicating that supercritical flow conditions should be achieved in the 141 
drum experiments.  142 
Before starting with the experiments, we needed to ensure that Frhyd > 1 for the experimental flows. For a 143 
given velocity, the lowest possible Froude number Frhyd along the flow profile of a drum experiment is reached 144 
where h has the largest value. Therefore we used u = udrum = 2.09 m/s and h = hmax from the static wetted segment 145 
of 0.4 m
3
 material in the standing larger drum (Table 1). The resulting value Frhyd = 1.16 for the maximum flow 146 
height was still larger than the threshold value of 1 for critical flow, and hence ensured that supercritical flow 147 
was maintained through the entire experiment in all cases. The corresponding target rotational velocity for the 148 
smaller drum was 12.75 rpm (1.64 m/s) as previously calculated from the rotational Froude number in Eq. 2.  149 
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Finally, the maximum centripetal acceleration ac,max if a grain at the flume bottom moves at the same speed of 150 
the drum was calculated by: 151 
r
u
a drumc
2
max,   (4) 152 
where r is the drum radius and udrum the rotational velocity of the drum bottom. The centripetal acceleration is 153 
with 2.19 m/s
2
 identical for the two drums and corresponds to 22% of the gravitational acceleration. The 154 
maximum centripetal acceleration should be as small as possible because it gives an upper limit of the 155 
centrifugal effect on all grains moving on a curved path. The real centripetal acceleration during the experiments 156 
is expected to be much lower and depends on the shear rates which are largely unknown for the inner flow.  157 
 158 
2.2 Granular mixtures 159 
To find appropriate grain-sizes and distributions, preliminary experiments were performed in the smaller 160 
drum. Mixtures including grains around the sand fraction (< 2 mm) and smaller tended to rapidly develop a 161 
clumpy mass which moved as a coherent plug or developed a nonstationary slumping flow behavior (stick-slip 162 
effects; Mair et al, 2002). Because large rapid mass movements usually behave like granular flows (e.g. Legros, 163 
2002) we tried to maintain granular flow behavior in the rotating drums as well. This was achieved by sieving to 164 
remove the fines (sand, silt, and clay). The upper boundary for the clasts was set to approximately one tenth of 165 
the maximum flow height and the selected gravel and ice was also restricted by the availability of different 166 
gravel and ice types. Hence, the first five experiments in the larger drum were performed with a range of varying 167 
gravel and ice contents consisting of fine basalt gravel (D50 = 6 mm) and much larger ice shards (D50 = 20 mm). 168 
For the subsequent three experiments we used the same gravel but with rounded and hence slightly smaller 169 
grains (D50 = 5.6 mm; see Table 2). For the next five experiments, a coarser dacitic andesite (probably 170 
metamorphic) gravel with D50 = 16 mm was used. Because the ice shards were reduced in size much faster than 171 
the gravel (due to breakage, rounding and melting) it was reasonable to use larger grain-sizes for the ice at the 172 
start of the experiment, so that we had comparable median grain-sizes for the first 5–10 minutes of the 173 
experiment. 174 
We linearly scaled the grain-sizes of the gravel and ice for the smaller drum from the coarse gravel and ice 175 
used in the larger drum. For the smaller drum we used D50-values of 9.1 mm and 11 mm for the quartz gravel 176 
and ice, respectively. This results in proportions of 0.57 for the gravel and 0.55 for the ice (Table 1, Fig. 2), 177 
which is close to the desired value of 0.62 used for geometric scaling of the two drums. The strength of basalt is 178 
somewhat lower than that of quartz (Prinz, 1997), and together with the higher rotational velocity and volume 179 
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this resulted in a rounding and fragmentation of the grains within the experiment duration of 23–37 minutes (Fig. 180 
2d, 2f and 3). Due to the higher strength of the quartz grains, the abrasion in the smaller drum was negligible. 181 
Another reason for the diminished wear of the grains in the smaller drum was that we only analyzed the first 5 182 
minutes due to strong mass losses when the ice started to melt (leakage). Figure 3 shows the grain-size 183 
distributions of the components, including pre- and post-experimental grain-size curves for the gravel which was 184 
used for the long-duration experiments in the larger drum and the size distribution of the gravel and ice in the 185 
smaller drum. The ranges for the grain-size were 4–16 mm and 6.3–16 mm for the gravel and ice, respectively, 186 
in the smaller drum with standard deviations of the sieve curves ς = (D84/D16)
0.5
 around 1.3 (Strużyński et al., 187 
2011). For the experiments in the larger drum, the fine gravel range was 3.35–11.2 mm (ς ≈1.3), the coarse 188 
gravel 6.7–26.5 mm (ς ≈1.3), and the ice 6.7–45 mm (ς ≈1.5). The small values of ς indicate that the grain size 189 
distribution is restricted to a relatively narrow range.  190 
The ice and gravel were stored in a cold room at -10°C (± 1.5°C). Densities of both materials as well as for 191 
water and air are comparable or identical in the model and in real events, leading to a scaling factor for density 192 
λρ=1 which is a prerequisite that affects scaling of several other parameters, such as mass, forces and energies. 193 
The length scale λL between real events and the drum experiments varies between 50 and 500 (derived from flow 194 
depths and volumes with λL and λL
3
 respectively), and fracture toughness K [Pa m
0.5
] should accordingly be 195 
scaled by λK=λρ*λL
1.5
, leading to λK-values between ~350 and ~11,000. This means that the material used for the 196 
laboratory experiments should be 10
2
 to 10
4
 times weaker than the one of real events. However, we used the 197 
same material as in natural events, resulting in λK=1. Consequently rock and ice comminution must be strongly 198 
reduced in the rotating drums compared to real events. Because the focus of the study is on the effects of ice and 199 
the melting thereof, we did not substitute the materials with others having lower strengths. Therefore, rock 200 
comminution would have to be studied separately (see e.g. Davies and McSaveney, 2009; Imre et al., 2010; 201 
Phillips and Davies, 1991). 202 
Before each run, the slowly rotating drum was cooled by ~25 kg (smaller drum) and ~40 kg (larger drum) of 203 
pure crushed ice over more than 45 minutes which was removed before the start of each experiment. This 204 
method reduced the temperature of the inner drum surface to approximately 0° C and prevented significant 205 
melting of the ice grains during the early phase of the experiment. The laboratory temperature, however, could 206 
not be adjusted to subzero degrees and was around 20°C for all runs. While this setting differs from the 207 
conditions around the starting zones of natural rock-ice avalanches, in some cases it represents the warmer lower 208 
elevation regions which are often reached by larger events. 209 
 210 
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3. Instrumentation and data processing 211 
3.1 Smaller drum (Vienna) 212 
Measurements at the smaller drum in Vienna (Fig. 4) include torque at the drum axis, flow depth (via 2 213 
lasers), normal and shear force (via 4 load cells), temperature of the mixture and rotational velocity of the drum. 214 
The lasers and load cells were arranged in two identical sensor groups called ‘left’ and ‘right’ (Fig. 4) and the 215 
signals of all sensors are recorded at a frequency of 800 Hz. Additionally, a video camera is installed near the 216 
drum axis to record the frontal region of the flow. More details of the instrumentation can be found in Kaitna and 217 
Rickenmann (2007a; 2007b) and in Kaitna et al. (2007; 2006). 218 
 219 
Torque 220 
The torque was measured by a flange which is installed at the rotation axis between the bearing and the 221 
engine. The net-torque Trqnet is calculated by: 222 
taregrossnet TrqTrqTrq   (5) 223 
where Trqgross is the torque measured during the experiments ranging from 320 Nm for pure ice to 980 Nm for 224 
gravel only, and Trqtare is the mean torque measured during several runs with an empty drum (34.6 Nm). The 225 
accuracy of the measurement is specified to 0.05% of the nominal torque, which corresponds to ~13–41 g at the 226 
drum bed in 3 o’clock position, depending on the ice and rock content. The standard deviations of the torque 227 
measurements strq are around 25 Nm for all experiments. 228 
 229 
Lasers (flow height) 230 
The laser sensors are installed at the channel center directly above the normal and shear force measurement 231 
units, so that for each rotation, two individual laser profiles were recorded. The supplier (Baumer Electronics 232 
Ltd.) specifies a resolution of 0.09–1.15 mm. We aggregated the laser data of both instruments for 11 full 233 
rotations within a one-minute period to get a total of ~266 data points for every full degree ±0.5°. Then we 234 
calculated, for each angular degree-interval α and time span t = 1 minute, the mean flow height hmean(α,t), median 235 
flow height hmedian(α,t), and the standard deviation sh(α,t) (Fig. 5a). The resampling to 1°-intervals reduced the 236 
sample frequency from 800 Hz to the equivalent of 75.9 Hz (with udrum = 12.7 rpm). Finally, we applied a 237 
Butterworth filter (lowpass filter) at a cutoff frequency of one tenth of the previously reduced sample frequency 238 
(7.59 Hz), which can also be called lowpass filtering at 10° (periods shorter than 10° were not of interest for this 239 
study). 240 
 241 
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Load cells (basal normal and basal shear stress) 242 
Two pairs of single-point load cells to measure basal normal and shear stress are placed within the middle 243 
third of the channel width and at the same angular position like the lasers (Fig. 4, smaller drum, letters b and c). 244 
This resulted in two individual profiles per rotation for the basal normal stress σbas(α,t) and basal shear stress 245 
τbas(α,t) of the flow lobe. The plates are 60 mm in diameter and roughened by the same PVC grid as at the 246 
surrounding flume bottom. To prevent water loss and sediment intruding into the sensors, the edges of the plates 247 
were sealed with a very thin coating of silicone so that free movement of the plates was still possible. The 248 
distributor (HBM Ltd.) specifies an accuracy of the load cells of 0.5 grams. Because the load cell measurements 249 
were affected by superimposed sine waves, having the frequency of the time needed for a complete drum 250 
rotation, these low frequency signals needed to be removed. The data were smoothed and a sine function was 251 
fitted by means of two turning points and a minimum for each rotation and measurement to be subtracted from 252 
the original signal. While this method generally produced satisfactory results, the sine wave sometimes did not 253 
fit well. Therefore, sine wave corrected data of individual rotations showing shifts from the x-axis above a 254 
threshold value were ignored for the following data processing. The corrected normal and shear stress data from 255 
the ‘left’ and ‘right’ sensor groups were aggregated for all 11 full rotations within a minute and averaged to 1° 256 
intervals (at approximately 266 data points each). The profiles of σmean(α,t) and τmean(α,t) resulted after lowpass 257 
filtering at 10° (7.59 Hz). The standard deviations sσ(α,t) and sτ(α,t) of the load cells are relatively larger and 258 
reach up to 50% of the peak values of σmean(α,t) and τmean(α,t). 259 
 260 
Temperature and rotational velocity 261 
Two thermocouples constantly measured the laboratory temperature Ttc,lab(t) and the flow temperature with 262 
an accuracy of ±1°C (Fig. 4). One thermocouple was attached to a mechanism which could be manually adjusted 263 
so that the foremost 2–4 cm of the needle dipped into the flow to measure the flow temperature Ttc,flow(t). 264 
Additionally, 1–3 miniature temperature loggers were added to the moving mass out of which the mean 265 
temperature Tcubes(t) was calculated. The loggers had a side length of 3.1 cm, weight of 24 g, resolution of 0.1°C, 266 
and measured at one-second intervals.  267 
The rotational velocity was measured by means of a sliced ring fixed at the axis and a static photo-electric 268 
sensor which registered an impulse every degree of rotation and enabled determination of the exact rotational 269 
velocity for every position. The measured mean velocities udrum of the smaller drum experiments are between 270 
1.58 and 1.64 m/s with standard deviations su of 0.01–0.03 m/s over the entire duration of each individual 271 
experiment (Fig. 6). 272 
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 273 
3.2 Larger drum (Berkeley) 274 
The instrumentation of the larger drum includes a laser sensor (flow depth), a load cell (normal force), two 275 
pore-water pressure sensors (pwp), temperature measurement and a video camera inside the drum (Fig. 4). All 276 
data except the temperature and video are recorded at a frequency of 1,000 Hz. In the following, we explain 277 
some details of the sensors in the larger drum and the processing of the data. Further information can be found in 278 
Hsu et al. (2007) and Hsu (2010). 279 
 280 
Laser (flow height) 281 
A 2-D laser sensor was positioned over the center of the flow channel and fixed by means of a boom outside 282 
the drum on the laboratory floor (Fig. 4). The rotating mirror swept a laser beam over a longitudinal profile along 283 
the centerline of the channel, at a speed of 5 rotations per second. Hence, a total of 300 sweeps were recorded 284 
per minute. The data were processed like for the smaller drum, resulting in new equivalent frequencies of 60 Hz 285 
due to binning the data to 1°-intervals (experimental runs B01-050 to B12-070 with udrum = 2.09 m/s; see Table 286 
2) and 36 Hz (experimental run B13-050 with udrum = 1.27 m/s), while the number of data points per 1°-interval 287 
was at ~167 for all velocities. To maintain geometrical comparability between the smaller and larger drums as 288 
well as between different velocities, lowpass filtering of the derived values was again performed at 10° (cutoff 289 
frequencies 6 and 3.6 Hz for the fast and slow runs respectively). Fig. 5d shows the mean hmean(α,t), median 290 
hmedian(α,t), and standard deviation sh(α,t) of the flow height derived from the raw laser data, as well as the cutoff 291 
at the tail of the flow due to laser shadow (around 70°) which was caused by the curtain near the 3 o’clock 292 
position (Fig. 4). The curtain was needed to protect the laser instrument from splashes but as a consequence we 293 
do not have any laser measurements for the very rear of the flow.  294 
 295 
Load cell (basal normal stress) 296 
 The 15 cm x 15 cm load cell was installed at the center of the flume channel having a loading capacity of 297 
22,000 N (Fig. 4). The edges of the plate were sealed and surrounded by flexible foam to prevent water and 298 
sediment loss. With this setup we were able to measure one basal normal stress profile σbas(α,t) of the flow for 299 
each rotation. The profile length was always 315° from the -45° to the 270° position in the drum, where the drum 300 
is rotating counter clockwise and 0° is at the 6 o’clock position. Due to the shorter profile lengths we found that 301 
simulating a sine wave for the given mass of the load cell, which was then subtracted from the original data 302 
(Hsu, 2010) led to better results than the method with the turning points described for the smaller drum. The 303 
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velocity-dependent offset due to centripetal acceleration forces of the new curve is then subtracted by using the 304 
mean value within a permanent non-flow region between -30° and -40°. Then we calculated the mean normal 305 
stress σmean(α,t) and standard deviation sσ(α,t) for 1°-bins and each minute of run time. The data were finally 306 
lowpass filtered over an angular distance of 10° (6 Hz and 3.6 Hz for the fast and slow runs respectively; Fig. 307 
5e). 308 
 309 
Basal pore-water pressure 310 
To measure basal pore-water pressure (pwp), two sensors as described by Kaitna and Rickenmann (2007b) 311 
were used. Both sensors were installed at the same angular positions and shifted -86.3° relatively to the load cell, 312 
one at the center of the channel and the other one 10 cm from the side (Fig. 4, larger drum, letters d and e). A 313 
steel mesh with 2 mm wide gaps on the level of the flume bottom protected an elastic membrane which 314 
transferred the pressure via an oil filled reservoir onto the pressure transducer. Creation of a sine wave for data 315 
correction was not feasible as described for the load cell because the tare weight acting on the pressure sensor 316 
was not known accurately enough. Therefore we needed to apply the method as described for the smaller drum 317 
and fitted sine waves by means of two turning points (-90° and 90° positions) and one minima (180° position) 318 
derived from the smoothed data which was recorded between the -131.3° and the 183.7° position of the drum. 319 
The following processing of the pwp-profiles was done as described above for the load cell data and finally 320 
resulted in the filtered basal pore-water pressure pwpmean(α,t) and its standard deviation spwp(α,t) for each degree 321 
of the flow. 322 
 323 
Temperature and rotational velocity 324 
A thermostat with a needle dipping into the moving mass was used for real-time control of the current flow 325 
temperature, however, the device could not be connected to the recording system and only served to stop the 326 
experiment when all ice had melted and the temperature of the mixture rose to 2–5° C. 1–3 miniature cube 327 
temperature loggers recorded the in-flow temperature Tcubes as described for the smaller drum experiments.  328 
The rotational velocity of the larger drum in Berkeley was governed by the input frequency for the 20-329 
kilowatt induction motor. The exact rotational velocity was derived by using the amount of data points which 330 
were recorded at 1,000 Hz during one sweep over 315° (10.930 m). Fig. 6 shows that experiments B01-050 to 331 
B12-070 have mean velocities udrum between 2.08 and 2.11 m/s (±0.01–0.02 m/s), while udrum of the slower run 332 
B13-050 is 1.25 m/s (±0.01 m/s). Hence, all velocities are very close to the target velocities (Table 1 and Fig. 6). 333 
 334 
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3.3 Friction and density calculations (smaller drum) 335 
 Because this study aims to quantify the frictional characteristics of different gravel-ice mixtures, we need to 336 
derive average friction coefficients µ from the recorded data. The broad range of instruments in the smaller drum 337 
gives us the opportunity to test several different calculation methods. The force plate measurements during the 338 
running experiments enable calculation of the local dynamic bulk friction coefficient from shear and normal 339 
forces µτ/σ at every degree position α and time t along the flow profile, while the calculation methods using the 340 
center of mass or torque relate to dynamic average bulk friction coefficients (µθ and µtrq) acting at time t on the 341 
entire moving mass. All friction coefficients include Coulomb basal friction if the flow was moving like a rigid 342 
plug, and internal friction resulting from flow resistance due to enduring frictional contacts between grains 343 
(quasi-static), or due to short term collisional impacts of individual grains (grain inertial) within the sheared flow 344 
body (Iverson and Denlinger, 2001; Savage, 1984). The static internal friction coefficient µstat, was derived from 345 
the tangent of the steepest possible stable slope angle of a static pile of the corresponding granular material 346 
(values are given in Table 1). All the above friction coefficients can be compared to the apparent friction 347 
coefficient µapp of natural rapid mass movements which describes the ratio of H/L where H is the drop height and 348 
L the travel distance of the mass (such as used e.g. by Goren and Aharonov, 2007 and many others; see section 349 
5.3 for comparison with natural events). 350 
 351 
Local dynamic bulk friction from shear and normal forces 352 
In the smaller drum we derived the local dynamic bulk friction coefficients from shear and normal forces 353 
measured at the base µτ/σ(α,t) for each angular position α and minute t by building the ratio of basal shear stress 354 
τbas(α,t) to basal normal stress σbas(α,t) (e.g. Kaitna et al., 2007; McArdell et al., 2007): 355 
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
    (6) 356 
This results in friction profiles which vary from the front to the end of the flow lobe. Because centripetal 357 
acceleration leads to larger measurement values for both, shear and normal forces, the derived dynamic bulk 358 
friction profiles from shear and normal forces measured at the base are not affected by centrifugal effects.  359 
 360 
Dynamic average bulk friction from center of mass 361 
 In a vertical rotating drum, the position of the center of mass (COM) has been used to approximate the mean 362 
slope of the entire moving mass (Kaitna and Rickenmann, 2007b; Kaitna et al., 2007). As shown in Fig. 7 we 363 
calculated angle θ, where the COM acts on the channel bottom. Assuming that the mass in the rotating drum 364 
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usually is in steady state, we used θ as the mean slope and hence as the dynamic average bulk friction angle of 365 
the entire mixture.  366 
 If we calculate the COM by using the flow height hmedian(α,t) from the laser data, this results in the centroid 367 
(geometric center of the area) of the flow body, which does not account for any density variations along the 368 
profile. Therefore, to account for the density variations along the profile, the COM can be calculated from the 369 
normal stress data σmean(α,t). For each degree α we calculate a representative flow height hσ(α,t) from the normal 370 
stress data as following: 371 
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  (7) 372 
 The average dynamic bulk density ρdyn(t) for the entire moving mixture during each minute t was calculated 373 
by iterative adjustment of the static mix density ρstat (measured prior to the experiment) until the volume of Vσ(t) 374 
below the curve of hσ(α,t) was identical to Vh(t) calculated from hmedian(α,t) (Fig. 7). The real COM then was 375 
calculated for the hσ(α,t)-curve and is usually closer to the front than the centroid from the laser data hmedian(α,t). 376 
The position of the COM is defined by its cartesian x-coordinate xCOM(t) and y-coordinate yCOM(t), the drum 377 
radius is given by r, and the dynamic average bulk friction coefficient µθ(t) of the moving mass averaged over 378 
one minute t, finally was calculated by (Fig. 7 shows the geometrical origin of Eq. 8): 379 
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 381 
Dynamic average bulk friction from torque data 382 
We also used the net torque Trqnet from the measurements to calculate the mean shear stress by assuming an 383 
equal shear stress distribution at the channel bed surface Abed covered by the mass (Kaitna and Rickenmann, 384 
2007a; 2007b). In this case, we neglected any friction acting on the side walls because the roughness is several 385 
orders of magnitude smaller than at the bottom and we visually observed only a small influence (see Fig. 8). We 386 
then calculated the torque-derived average shear stress τtrq for each minute t as following: 387 
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Using the average basal normal stress of the entire flow profile σavg(t), we calculated the alternative dynamic 389 
average bulk friction friction coefficient µtrq(t) which was derived from the torque data: 390 
)(
)(
)(
t
t
t
avg
trq
trq


   (10) 391 
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 392 
Apparent dynamic local bulk density 393 
The depth-averaged dynamic local bulk density for each angle and minute ρbulk(α,t) was calculated by: 394 
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t
t
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bas
bulk  (11) 395 
where g is the gravitational acceleration and ac,avg the depth-averaged centripetal acceleration of all individual 396 
grains within one degree. We can only estimate the maximum centripetal acceleration ac,max  for grains having 397 
the full rotational velocity of the drum udrum at the flume bottom (see Table 1 and Eq. 4) and have no information 398 
on the velocity profiles within the moving mass. Therefore we set ac,avg = 0 being aware that we only measure an 399 
apparent dynamic local bulk density which is somewhat overestimated. Eq. 4 and Table 1 show that ac,max  is 400 
22%, and therefore ρbulk(α,t) can also be overestimated by a maximum of 22%, but more likely much less. 401 
 402 
3.4  Friction, density and liquefaction calculations (larger drum)  403 
 The larger drum lacks any direct shear force and torque measurements. Therefore we calculated the dynamic 404 
bulk friction coefficients from the center of mass (COM). Furthermore, the local bulk densities and liquefaction 405 
ratios were derived from the flow height, normal stress, and pore-water pressure data. 406 
 407 
Dynamic average bulk friction from center of mass 408 
 In the larger drum experiments, in contrast to the smaller drum experiments, the density adjustment by the 409 
volumes Vh(t) and Vσ(t) needed for the COM calculation could only be done over the part of the flow, where the 410 
laser data hmedian(α,t) were available. For α > 68°, the curtain first affected, and then disabled laser measurement 411 
of the flow height (Fig. 5d). Because only a minor part of the flow volume was missed, the effect on the results 412 
by using this method was only marginal. The friction coefficient µθ(t) then was again calculated according to Eq. 413 
8. 414 
 415 
Apparent dynamic local bulk density 416 
We calculated the depth-averaged apparent dynamic local bulk density ρbulk(α,t)  for each angle and minute, 417 
as in the smaller drum (Eq. 11). Eq. 4 and Table 1 show that the maximum centripetal acceleration ac,max was 418 
again around 22% of the gravitational acceleration. We expect that only a small part of ac,max was effective 419 
because the majority of the grains moved at significantly lower speeds than at full drum velocity, leading to a 420 
slight overestimation of ρbulk(α,t) compared to real local densities. 421 
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 422 
 Liquefaction ratio 423 
 The average liquefaction ratio Lq(t) for each minute t measures how much of the granular part of the entire 424 
mass was supported by the liquid part (see also Major and Iverson, 1999): 425 
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with the sum of the 1°-bins of the pore-water pressure values 427 
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and the sum of the 1°-bins of the basal normal stress values 429 
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where α=1 is the first degree affected by the flow and n the amount of degrees where material is flowing. 431 
  432 
4. Results and interpretation 433 
4.1 Smaller drum (Vienna) 434 
Measured and observed flow characteristics 435 
 Here we present and discuss the results for the first 5 minutes of 12 experiments in the smaller drum in 436 
Vienna (V01-050 to V12-100) with ice contents between 0 and 100% by volume. The experiment numbers 437 
increase chronologically followed by a number representing the ice content (see also Table 2). We focused on 438 
the frictional behavior during the first 5 minutes when the flow was largely dry. Fig. 8 shows images from the 439 
video camera in the drum (see Fig. 4, letter i) for all runs with varying ice contents and the first minute. At the 440 
early phase of each experiment, the flow was largely dry, granular, steady and symmetrical (in the rolling to 441 
cascading mode after Henein et al. (1983b) and Mikoš and Jaeggi (1995)). The laterally almost straight front 442 
(Fig. 8) indicates that the influence of the sidewalls was marginal and similar for all experiments. The strong 443 
sliding component on the sides of the flow was also apparent in the photographs and videos made through the 444 
acrylic glass on the side of the rotating drums. 445 
 Fig. 9 gives an overview of all recorded and processed data over the first 5 minutes for a selected typical run 446 
in the smaller drum (run V10-050 with 50% ice content by volume). The data from the laser, normal- and shear 447 
stress sensors as well as the corresponding standard deviations show that the flow was steady during the 448 
individual 1-minute averages. The only trend is that the volume (derived from flow height) was reduced by 7% 449 
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during the first 5 minutes. The volume loss is because some rock and ice grains were captured by the bottom 450 
mesh, as well as due to rounding and fragmentation of the grains (mainly ice). The density increase in that time 451 
however was only marginal (Fig. 9i), indicating that most of the volume loss must have been due to grains lost to 452 
the bottom mesh. The volume decrease led both the flow front to move slightly up-slope and the tail to move 453 
down-slope. The consequence was that the COM which is calculated from the normal stress data σmean(α,t) 454 
remained nearly at the same degree position over the entire 5 minutes but migrated slightly to the channel bottom 455 
(Fig. 9m). 456 
 Dynamic bulk friction coefficient profiles µτ/σ(α,t) from τbas(α,t) and σbas(α,t) and apparent dynamic bulk 457 
density profiles ρbulk(α,t) are both consistent over the first 5 minutes, but there are artifacts in the data at the front 458 
and tail of the flow due to small measurement values (extremely small and large values; Fig. 9g & i). The fact 459 
that the normal and shear stress sensors were at the same degree position but placed side by side led to small 460 
variations in loading. In general, the dynamic bulk friction tended to increase from the front to the tail (Fig. 9g). 461 
The apparent bulk density profiles indicate the largest densities around 10° after a low-density front (including 462 
grain-spray), and a tendency of decreasing densities towards the tail (Fig. 9i). This may have been because at the 463 
very tail, the grains were close to falling and more dilated than at the main body of the flow where the flow was 464 
less agitated and more densely packed. Segregation of the rock and ice grains was not relevant during these 465 
experiments because the mass appeared well mixed on the videos and photos (Fig. 8). The reason therefore is 466 
that the grain-size distribution and the density differences of gravel and ice were not large enough to allow 467 
strong segregation as reported by Hsu (2010). Because the ice grain-size reduced due to melting, the median 468 
grain-size of the ice was chosen to be slightly larger than the one of the gravel (see Fig. 3), and therefore, ice and 469 
gravel grain-sizes were comparable during the first minutes of the experiments. Preliminary tests have shown 470 
that wider grain-size distributions of the gravel and ice fractions — particularly mixtures with higher contents of 471 
fines — led to stronger segregation and to stick-slip effects after 2–3 minutes when some of the ice has melted 472 
and the mass was not yet saturated. 473 
 The temperature data from the cube loggers show clearly negative temperatures between -6° C and -2° C for 474 
the first 5 minutes (Fig. 9h). In contrast to this, the very fast responding (< 0.1 s) thermocouple measured 475 
temperatures near the melting point from the first minute and as long as there was some ice left in the mixture. 476 
This is because the sensitive Copper/Nickel wire was situated at the tip of a 2 mm hollow needle of the 477 
thermocouple where icy meltwater having a temperature of 0° C was already taken up during the cooling runs 478 
previous to the experiment. The probe could not be entirely dried and the fluid did not refreeze even when 479 
dipped into subzero degree cold granular ice and rock. As soon as all ice had melted, the temperature 480 
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measurements of the cube loggers and thermocouple started to rise sharply (see Fig. 9h and 9k at t = 1920 s). 481 
Due to the decreasing flow height during an experiment, the thermocouple was not always submerged in the 482 
flow and needed to be manually adjusted into the flow again (see Fig. 9k around t = 1200 s and 1700 s). 483 
Comparison between the two measurement methods show that the delay of the cube loggers is not significant, 484 
because the measured cube logger temperatures rise simultaneously with the thermocouple measurement (in Fig. 485 
9h and 9k at t = 1920s). 486 
 Fig. 9l shows the geometries of the moving mass in the rotating drum as measured by the flow heights 487 
hmedian(α,t) from the laser instrument. The geometries of the representative flow heights hσ(α,t) which were 488 
derived from normal stress data (Eq. 7; Fig. 7) and needed to calculate the COM are plotted in Fig. 9m. 489 
 490 
Frictional effects of granular ice 491 
 The dynamic bulk friction coefficients µθ(t) derived from the angle θ of the COM (Eq. 8) reveal a linear 492 
dependence on the ice content (Fig. 10, upper curves): the larger the ice content, the smaller the friction. In the 493 
smaller drum, µθ(t) of the first 5 minutes (min 1–5) can be described as a linear function by the following 494 
equation: 495 
 xa 0015.07321.05)-1(min µ )(   (15) 496 
 The intercept of 0.7321 corresponds to the dynamic bulk friction coefficient µθ of pure gravel in the rotating 497 
drum and x is the ice content in percent by volume. To compare and corroborate the results, we use the second 498 
independent calculation method which is derived from the torque data µtrq(t) (Eq. 10), resulting in another linear 499 
function: 500 
 
xbtrq 0014.06752.05)-1(min µ )(   (16) 501 
 Indices (a) and (b) are for differentiation from Eqs. 17–19, and the linear correlation coefficients for the 55 502 
data points are R
2
(a) = 0.98 for the µθ-values and R
2
(b) = 0.94 for the µtrq-values. Eqs. 15–16 and Fig. 10 show that 503 
the two independent calculation methods result in nearly parallel lines, but shifted by a µ-value of ~0.06 (at a 504 
slope of 30° this corresponds to a shift of ~2.5°). The systematic shift between the two calculation methods 505 
indicates the measurement uncertainty and limits of the applicability of µθ(t) and µtrq(t) as average friction 506 
coefficients, however, the absolute change in friction depending on the ice content is consistent for both methods 507 
and describes a reduction of the dynamic bulk friction coefficient by ~20% for dry granular ice compared to dry 508 
granular rock. 509 
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 Dynamic bulk friction coefficients usually are smaller than the static internal ones (µstat) measured from the 510 
steepest stable slope angle of a dry pile of the corresponding gravel or ice (Meriam and Kraige, 2006; Straub, 511 
1997; Table 1). The dynamic average bulk friction coefficients of run V09-000 without any ice are with µθ =0.73 512 
and µtrq=0.68 clearly below the measured 41.5° (µstat = 0.88) for the static internal friction angle of dry gravel. 513 
The measured static internal friction angle of pure ice is 28.5° (µstat = 0.54) at -10°C and situated between the 514 
dynamic average friction coefficients µθ =0.58 and µtrq=0.53 of pure ice derived from experiment V12-100. We 515 
propose that the surfaces of the ice grains thawed from the beginning of the experiment and led to a larger 516 
dynamic friction than would be expected from the dry static measurement values due to the development of an 517 
intergranular water film and related cohesion effects (Casassa et al., 1991; Chevoir et al., 2009; Iverson et al., 518 
2004). 519 
 Experiments V01-050 and V10-050 were identical and served as control runs. For both calculation methods 520 
smaller friction coefficients were calculated for run V10-050 (µθ =0.64 and µtrq=0.59) compared to the first run 521 
V01-050 (µθ =0.67 and µtrq=0.61). Analysis of the bed PVC grid showed that experiments with high gravel 522 
contents abraided the grid and likely reduced the bed friction slightly. The difference between run V01-050 and 523 
V10-050 hence is a measure of the influence of bed friction wear within the ten first experiments. Experiments 524 
V11-090 and V12-100 were performed last, and due to their low gravel content caused little additional wear of 525 
the PVC grid resistance elements. 526 
 The third method is to derive average friction values from the profiles of the dynamic bulk friction 527 
coefficient from shear and normal forces measured at the base µτ/σ(α,t) (Fig. 9g and Eq. 6). We avoided local 528 
effects at the beginning and end of the flow lobe (Fig. 9g) and calculated the median friction µτ/σ,med along the 529 
profiles at minute intervals and then used the mean of the first 5 minutes for comparison with the other two 530 
methods. Averaged over the first 5 minutes t=1–5, run V10-050 with 50% ice by volume e.g. results in a median 531 
friction µτ/σ,med(t) derived from the dynamic bulk friction profiles µτ/σ(α,t)  of 0.68. This is slightly larger than the 532 
other calculated friction values in Fig. 10. The standard deviation of the median data within the first 5 minutes is 533 
0.07 which is similar to the shift between µθ(t) and µtrq(t), but much less stable than the values of the first 5 534 
minutes of each individual calculation method shown in Fig. 10. In general, the magnitudes of µτ/σ,med(t) of all 535 
experiments are close to the µθ-curve in Fig. 10, but somewhat larger and having a larger scatter. A reason for 536 
the inconsistency of the load cell data can be that the shear force plate measurements might have been affected 537 
by grains which were temporally jammed at the edges. Some blocked grains were observed during the unloading 538 
of the material after each experiment. This makes a comparison of the friction coefficients µτ/σ,med(t) between 539 
different experiments difficult, while a relative analysis within an individual profile of one experiment is still 540 
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possible. The magnitude of the grain jamming effect is similar to the effect of changing ice content on the 541 
friction coefficient, so this third measurement method is best regarded as an estimation of the average friction 542 
which in general corroborates the values calculated by µθ(t) and µtrq(t) (Fig. 10). 543 
 544 
4.2 Larger drum (Berkeley) 545 
We conducted 13 experiments in the larger drum in Berkeley (B01-050 to B13-050) with ice contents 546 
between 10 and 90% by volume, different gravel angularity, grain-size, and drum rotation velocities (Table 2). 547 
An example of all recorded and processed datasets is shown in Fig. 11.  548 
 During the early phase of the experiments we generally observed very similar characteristics to that observed 549 
in the smaller drum, such as a largely dry, granular, and steady flow behavior. We extended our interest also to 550 
the later phase of the experiments which was characterized by flow transformations related to increasing pore-551 
water pressures. Therefore, each of the two phases is treated separately in the next two sections. 552 
 553 
Early phase: frictional effects of granular ice 554 
The dark black lines in Fig. 11 show the measurement profiles of the early minutes from the flow heights 555 
hmedian(α,t) and the normal stress σmean(α,t) as well as from the derived apparent dynamic bulk densities ρbulk(α,t). 556 
More specifically, we describe here only to the first 5 minutes which are represented by the 1
st
, 3
rd
 and 5
th
 minute 557 
and the following minutes are described in the next section about the late phase of the experiment. The largest 558 
flow depths during the early phase are reached around the 30° position in the drum while the maximum normal 559 
stresses are around 40°. The pwp-sensors at the center and side of the flow do not measure any pore-water 560 
pressures during the early phase (no dark lines) and hence prove that the early flow is clearly unsaturated at the 561 
beginning of the experiment. In contrast to the smaller drum, the apparent dynamic bulk density profiles ρbulk(α,t) 562 
increase slightly from the front to the 40° position, where the normal stress profiles do also show a maximum. 563 
 Fig. 12 shows the average dynamic bulk friction coefficients µθ(t) derived from the location of the COM for 564 
each minute and all 13 experiments. The two experimental series with varying ice contents and fine gravel (D50 = 565 
6 mm and 5.6 mm) at a rotational velocity of 2.09 m/s for two different grain shapes (angular and rounded) are 566 
presented in Fig. 12a. We observe a somewhat stronger dependence of the friction coefficient on the ice content 567 
than detected by the smaller drum in Fig. 10 and Eq. 15, but also stronger variations between individual minutes 568 
and experiments. For example, B04-010 shows smaller friction values than B02-030 with higher ice content. 569 
Because we found a clear linear relationship between the friction coefficient and the ice content in the smaller 570 
drum, we assume that the relationship should also be linear in the larger drum (despite the outliers from run B04-571 
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010). A direct comparison might be slightly obscured because different gravel lithologies were used and grain 572 
abrasion was only relevant for the experiments with basalt/dacitic andesite in the larger drum. However, within 573 
the first 5 minutes which were included in Fig. 12, significant abrasion was not observed and therefore Fig. 10 574 
and 12 are comparable. The linear correlation coefficient for the 15 data points from the fine angular gravel 575 
(B01-050 to B05-090 in Fig. 12a) therefore is R
2
(c) = 0.81, and the linear function describing the dependence of 576 
the dynamic average bulk friction coefficient over the first five minutes µθ(min 1,3,5) on the ice content x in 577 
percent by volume is given by: 578 
 
x0020.07289.03,5) 1,(min µ (c)    (17) 579 
 Index (c) and the following indices (d) and (e) in Eqs. 18–19 are for differentiation of the various equations 580 
given for µθ(min 1,3,5). The experimental series exemplifies the limitations and uncertainty of the calculation 581 
method by using hσ(α,t) and the COM to calculate the friction coefficient  µθ(t), because it is strongly sensitive to 582 
measured normal stresses larger than zero near the tail of the flow at 3 o’clock position, which strongly influence 583 
the resulting µθ(t)-values. The problem is visible in Fig. 11m at drum positions between 70° and 80° where the 584 
representative flow heights hσ(α,t) starts to rise again due to the flow height transformation which includes a 585 
factor of 1/cos α. This is also the reason that the profiles of hσ(α,t) were cut behind 80°. On the other hand, the 586 
measurement method seems to be sensitive enough to detect expected smaller friction coefficients for 587 
experiments with fine rounded grains (B06-050 to B08-060 in Fig. 12a):  588 
 
x0008.06339.03,5) 1,(min µ (d)   (18) 589 
where the correlation coefficient R
2
 is 0.86 and the inclination of the curve reduced, but the data range is much 590 
less. 591 
 The results of the experiments with varying ice contents and coarse angular gravel (D50 = 16 mm) at two 592 
different velocities are shown in Fig. 12b. We again observe a clear trend to smaller friction values for higher ice 593 
contents. The series shows a steeper curve with a correlation coefficient R
2
 of 0.90, suggesting stronger 594 
dependence on ice content for the larger grains that could have important implications for natural real scale 595 
events with larger characteristic grain-sizes: 596 
 
x0041.08151.03,5) 1,(min µ (e)   (19) 597 
 The three experimental series in the larger drum revealed reductions of the bulk friction angles of 27% (fine 598 
angular grains), 13% (fine rounded grains), and 50% (coarse angular grains) for pure granular ice runs compared 599 
to pure gravel runs. However, the restricted variation of the ice content in the three experimental series in the 600 
larger drum leads to larger uncertainties related to the strength of the dependence of the friction coefficients on 601 
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the ice content. Therefore, the only conclusion about the influence of different grain characteristics is that they 602 
can be relevant. 603 
Run B13-050 was performed to have a rough estimate of possible effects by different drum velocities. The 604 
run was performed at a velocity of 1.27 m/s compared to the 2.09 m/s for the previous 12 runs. This experiment 605 
shows larger friction values, suggesting that the dynamic average bulk friction coefficients decline with 606 
increasing velocity. Despite a single run is not representative and velocity-dependence needs to be further 607 
investigated with additional runs at varying velocities, this effect indicates that the measured friction coefficients 608 
include internal friction components besides possible basal slip which should be independent of sliding velocity 609 
(Coulombs law of friction; Coulomb, 1773). From visual interpretation we can confirm that basal slip was not 610 
obvious and therefore suppose that internal friction from flow resistance caused by long-term frictional contacts 611 
between individual grains (quasi-static regime) may have played a role, but short-term collisional impacts of 612 
individual grains (grain inertial regime) within the sheared flow body also became significant (Iverson and 613 
Denlinger, 2001; Savage, 1984; see also section 5.2). 614 
 615 
Late phase: flow transformations and effects of water 616 
 Because mass loss was negligible, we can analyze the temporal development of the flow characteristics 617 
within each run as well as between the different experiments for the entire experiment lengths reaching up to 55 618 
minutes. In the smaller laboratory experiments, the longer experimental duration may compensate for the lower 619 
rates of melting – that is, we may reach overall similar magnitudes of melting in the experiments as over the 620 
course of natural events. All runs having ice contents larger than 40% by volume showed a transformation from 621 
a dry granular mass to a much more liquid debris-flow-like movement. This flow transformation was visually 622 
observed and accompanied by a shift downslope of the position of the flow front (Fig. 13). At first, as the grains 623 
were moistened, an intergranular water film developed and in certain cases led to a slightly retreating frontal 624 
position (cohesion effects). This was supported by volumetric decrease due to grain fragmentation and melting 625 
of ice.  As soon as partial saturation started from the tail, grain to grain contact forces were reduced and the 626 
friction was significantly decreased, finally resulting in partial or nearly complete liquefaction where most grains 627 
are supposed to have been supported by the liquid phase (Fig. 13h–j). 628 
Fig. 11e and 11g show the evolution of the pore-water pressure from the tail to the front of the flow at both 629 
sensors. In general, the central pwp sensor shows larger values than the one at the side. However, at certain 630 
irregular stages with intermediate water contents (e.g. around minutes 15 and 19 in Fig. 11e and 11g), the flow 631 
was affected by a large asymmetric lateral component (also reported by Hsu, 2010) for a while and then became 632 
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steady again. One of these unsteady moments is captured in Fig. 13f. This has to do with laterally unbalanced 633 
water input from the drop-protection roof back into the flow (Fig. 4, larger drum, letter ‘k’). The normal force 634 
and central pwp measurements were not much influenced by such asymmetries, because they were measuring at 635 
the centerline. In contrast, the pwp sensor near the side wall was strongly affected and could reach larger values 636 
than at the central pwp sensor within these phases (see labelled minutes in Fig. 11e and 11g).  637 
Due to the different locations of the pwp and normal stress sensors, the flow conditions were not exactly the 638 
same. For example, if the mixture became much diluted at a later stage of the experiment, both pwp sensors 639 
tended to measure pore pressures at the front greater than the measured normal stress of the total load. On the 640 
load cell there is no roughness bar and consequently the smooth surface of the plate caused some local flow 641 
surge. This surge led to some of the water splashing directly onto the pwp sensors before they disappeared below 642 
the surge front of each rotation. The consequence is that the flows with high water contents can achieve 643 
liquefaction ratios slightly larger than 1 at late stages. In this situation, pwp measurements a short distance back 644 
from the flow front are more accurate because they were less affected by splashing water. 645 
The development of the friction coefficients from the four experimental series against time is shown in Fig. 646 
14a–d. Despite certain fluctuations we can see that (1) there is a direct dependence of the friction coefficient on 647 
ice content during the first 5 minutes as previously shown in Fig. 12 and that particularly can be seen in Fig. 14a 648 
where curves with higher ice contents are situated lower, (2) a slight effect of rising friction due to the 649 
development of an intergranular water film and related cohesion effects when ice starts melting between t ≈ 5–15 650 
min, and (3) strong reduction of the friction and increased flow liquefaction when pore-water pressures are 651 
rising.  652 
 The liquefaction ratios calculated by Eq. 12 are shown in Fig. 14e–h. The onset and reduction of the friction 653 
coefficients depends on the onset and increase of the liquefaction ratios. Both, the decrease of the friction values 654 
and increase of the liquefaction ratios propagate nearly linear with time. This trend was only attenuated and 655 
finally stopped when almost all ice has melted. Those runs with more than 40% ice by volume achieved half or 656 
even complete liquefaction after ~30 minutes. The measured and visually observed behavior of these flow-states 657 
finally is similar to the one of hyperconcentrated flows. According to Pierson (2005), hyperconcentrated flows 658 
have sediment concentrations between 20 and 60 by volume, while for debris-flows the sediment concentration 659 
needs to be above 60% by volume. Because we used a narrow grain-size distribution, the pore spaces of the 660 
gravel constituted 39–45% by volume so that the sediment concentration never rised above 55–61% by volume 661 
(Table 3) and a considerable part of the pore space was filled with air initially or during the entire experiment. 662 
Due to the lack of fines we never had real debris-flow conditions as in nature and as soon as the gravel was fully 663 
23 
 
saturated, the water content of the mixture was already as high as the one of hyperconcentrated flows. However, 664 
the flow conditions always varied along the profile and to the sides as well as the ice and rock grains were 665 
fragmenting and reducing in size (ice also due to melting) and a small quantity of fines was produced 666 
successively. Measurements of the dirty water after the entire experiment resulted in a maximum water density 667 
of 1.198 kg/L for the run with 40% ice and around 1.100 kg/L for higher ice contents. We therefore expect that 668 
the fluid viscosity might have increased slightly, supporting development of debris-flow- and hyperconcentrated 669 
flow-like behavior.  In those runs where enough water was available, most of the grains were carried by the 670 
liquid phase despite the small densities of the water and the monodisperse grain-size distribution (Figs. 14e–h). 671 
Hence, we relate the suspension of the larger grains rather to effects from fluid turbulence and grain agitation 672 
than to the necessarily large density of a muddy matrix and assume that debris-flow-like conditions were reached 673 
at least temporally and for certain flow sections as an intermediate state before hyperconcentrated flow-like 674 
behavior developed during those runs with 60% ice by volume and more (Fig. 13e–g).  675 
 Comparisons between theoretic excess water values given in Table 3 and the measured liquefaction ratios in 676 
Fig. 14e–h show a certain disparity. The measured maximum liquefaction was always lower than it would be 677 
expected from the theoretic excess water, because considerable amounts of water were lost despite the drum has 678 
been leak proof. Alone the wetting of the inner drum surface including the drop protection roof and sidewalls 679 
have an area of approximately 35 m
2
 on which a 1 mm thick water film requires 35 liters of water. Additionally, 680 
some water splashed out of the drum and a part of the water must have evaporated during the experiments which 681 
usually were longer than 30 minutes. We estimate that the total water loss after more than 30 minutes may have 682 
been in the order of 50 liters which is 12.5% of the starting volume or between 9 and 19% of the mass, 683 
depending on the ice content. Therefore, the mixtures required an ice content of a least 60% by volume to reach 684 
full liquefaction as shown in Fig. 14e–h. 685 
 The friction coefficients and liquefaction ratios between fine and coarse gravel in Fig. 14 develop similarly 686 
through time. The increasing friction due to cohesion effects (Chevoir et al., 2009; Iverson et al., 2004) has its 687 
peak after 10 minutes and can be best observed for the runs in Fig. 14b with fine rounded grains. This is because 688 
larger and more angular grains may be less affected by this effect. A part of the friction reduction in Fig. 14 may 689 
also result from grain abrasion over longer time periods (up to 54 minutes). The effects of grain shapes on the 690 
friction coefficients can be estimated from the difference between the two experimental series in Fig. 12a, where 691 
the previously used and rounded gravel shows friction coefficients which are at least 0.05 smaller than those of 692 
angular grains. 693 
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 The lower rotational velocity of run B13-050 leads to a slower liquefaction process and hence a slower 694 
reduction of the friction coefficient. Velocity is therefore an important factor influencing the melting rate of ice 695 
due to frictional heating and mixing of drum material with material having positive temperatures (only air in the 696 
laboratory; air and eroded basal material in natural events).  697 
 698 
5. Discussion 699 
5.1 Comparison of drum experiments and natural events 700 
A major difference between the rotating flume and straight chute experiments or natural events is related to 701 
the longitudinal flow characteristics. Kern et al. (2009) found supercritical flow behavior (Fr > 1) for snow 702 
avalanche fronts and subcritical behavior (Fr < 1) for the avalanche tails. This is not possible in rotating drums, 703 
because the avalanche tail is artificially held at the same velocity by higher inclination angles. Instead, the shear 704 
rates and Froude numbers rise to the tail due to the smaller flow heights at the same velocity. While natural 705 
avalanches tend to stretch and continuously loose material by deposition at the tail (Bartelt et al., 2007), the mass 706 
in the drum is forced to keep its geometry constant (the changing geometry through time in the presented 707 
experiments is due to grain fragmentation and melting ice).  708 
To assess similitude between mean values of the different experimental series and natural events, physical 709 
parameters and dimensionless numbers were compared (Table 4). The Froude numbers Frhyd in the rotating drum 710 
experiments slightly differ from those in Table 1 because havg was used instead of hmax in Eq. 3. The values are 711 
lower for the drum experiments than for natural flows, but reaching larger Froude numbers was not possible in 712 
the drums because flow heights of 0.13–0.21 m were needed in relation to the mean grain-size and larger 713 
velocities were not possible due to technical and flow instability reasons, as well as to reduce effects from 714 
centripetal acceleration (Eq. 4). However, the aim was to reach supercritical Froude numbers (>1) in the 715 
laboratory (except for run B13-050; see Table 4).  716 
The ratio of inertial grain stress to viscous shear stress is described by the dimensionless Bagnold number NB 717 
(Iverson, 1997): 718 


f
ss
BN
2
  (20) 719 
where νs and νf (=1–νs) are the solid and fluid volume fractions, ρs the mean density of solids, δ the characteristic 720 
grain diameter where we used the weighted mean of the median grain-sizes D50 of the corresponding gravel and 721 
ice fractions, η the fluid viscosity, and   the shear rate as calculated from 2*udrum/havg for the drum experiments 722 
and utyp/havg for the natural events. The values between 10
5
 and 10
6
 for the dry stage of the experimental flows 723 
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indicate that viscous forces are not relevant when the granular mass is largely dry (Savage, 1984). This seems 724 
also to be the case in natural flows where the inertial stresses clearly dominate, however, Bagnold numbers are 725 
1–3 orders of magnitude larger than in the experiments (Table 4). Considering that the Aoraki/Mt. Cook-, Kolka-726 
, and Iliamna-events contained high water contents shortly before deposition, the approximately 100 times higher 727 
fluid viscosities η of water compared to air would lead to accordingly lower Bagnold numbers for the saturated 728 
stage of the events. 729 
 The Savage number describes the ratio of inter-granular collisional stress to quasi-static shear stress 730 
associated with the weight and friction of the mass (Iverson and Denlinger, 2001): 731 
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All values of Ns in Table 4 are within a range of 0.010 and 0.120. This is close to the threshold value of 0.1 733 
found by (Savage and Hutter, 1989), above which collisional stresses start to affect flow dynamics significantly. 734 
During the first minutes, the flows accordingly were in the transitional regime between the frictional (quasi-static 735 
regime) and the collisional (grain inertial) regimes (Savage, 1984). The values confirm that the experimental 736 
flows reached conditions similar to those of rapid granular avalanches where short-term collisions rather than 737 
long-term frictional contacts dominate intergranular momentum transport (Iverson and Denlinger, 2001). Using 738 
larger fluid densities ρf for water instead of air to assess later stages of the flows, Ns is somewhat larger. 739 
 The ratio of solid inertia to fluid inertia is given by the mass number NM (Iverson, 1997): 740 
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As expected, the values in Table 4 are large (1,000–2,800) because solid inertia clearly dominates as long as no 742 
water is available. The 500–800 times larger fluid density of water compared to air and dusty air reduces NM 743 
significantly so that fluid forces become more relevant when ice is melting, however, solid forces still dominate.  744 
 Finally, the ratio of fluid inertia to its viscous shear stresses is described by a version of the Reynolds number 745 
NR that can also be expressed as the ratio of NB to NM (Iverson, 1997): 746 

 2f
RN   (23) 747 
NR is usually in the order of 10
6
 for natural geophysical flows and 10
4–105 in the presented examples (Table 4), 748 
indicating that inertial forces dominate in large flows. When the same fluids (air and water) are used for small 749 
and large scales, viscous forces will be more important in the smaller ones due to simple scaling laws (e.g. 750 
Henderson, 1966). As expected due to Froude scaling (see section 2.1), Reynolds numbers were 2–3 orders of 751 
26 
 
magnitude smaller in the experiments, but they still indicate the dominance of inertial forces and are large 752 
enough so that the exact values probably do not strongly influence the overall dynamics (Paola et al., 2009).  753 
 Even though all flows are highly complex and the effects of pore-water or the fraction of fine grains is 754 
difficult to assess, we conclude that the dimensionless numbers indicate some similarities between the 755 
experimental series and natural flows to permit extrapolation of the influence of ice on flow behavior. However, 756 
important effects which may enhance the mobility of rapid mass movements such as dynamic grain 757 
fragmentation (Davies et al., 2010; McSaveney and Davies, 2007) and enhanced melting of the ice under large 758 
pressures are likely to be present only in nature (Davies and McSaveney, 1999) so that an additional reduction of 759 
the friction coefficients must be expected for very large events. 760 
 Friction angles of very large rapid mass movements have never been directly measured but estimated values  761 
for events above 1 x 10
6
 m
3
 are usually smaller than the ones for smaller-volume events (Erismann and Abele, 762 
2001; Favreau et al., 2010; Legros, 2002). However, for smaller natural events of related process forms some 763 
direct measurements exist: Dent et al. (1998) measured dynamic bulk friction coefficients of 0.42 for the main 764 
body of a dry-snow avalanche. This is somewhat smaller than measured in our pure ice runs, and possibly related 765 
to volume effects (e.g. Davies, 1982; Legros, 2002). McArdell et al. (2007) calculated bulk friction angles of 26° 766 
(µτ/σ = 0.49) for a natural debris-flow in a torrent channel. Such a value is reached in all experiments in the larger 767 
drum with ice content larger than 50% by volume around 20–25 minutes after the start of the experiment when 768 
much ice has melted. In nature, debris-flow fronts are often dry and followed by a more liquid body and tail (e.g. 769 
Major and Iverson, 1999). This is also the case for those runs in the drum experiments with more than 50% ice 770 
by volume and after ~25 minutes: pore-water pressures evolve from the back to the front (Fig. 11e) and only 771 
saturate the front if enough melt water is available to saturate the leading edge of the front, thereby producing a 772 
flow which more closely resembles a debris-flood or hyperconcentrated flow. The measured bulk densities 773 
around 2,000 kg/m
3
 during the debris-flow-like movement in the drum is close to the measured 2,000 – 2,250 774 
kg/m
3
 by McArdell et al. (2007) for a real debris-flow. The small portion of fine particles however does not 775 
allow larger densities. 776 
 The calculated dynamic average bulk friction coefficient µθ for pure gravel in the rotating drums (µθ ≈ 0.72 ≈ 777 
36°) are somewhat smaller, but still close to static internal friction angles μstat of the same gravel (μstat ≈ 0.8 ≈ 778 
38.5°), which is in the range of typical μstat of natural materials (µstat > 0.58; >30°) (Favreau et al., 2010). These 779 
values are relatively large compared to the apparent coefficients of friction μapp observed in natural events with 780 
volumes above 1 x 10
6
 m
3
 which are often much below 0.36 (20°; see Table 4). Reasons for the often smaller 781 
apparent friction coefficients μapp in nature – which are also used for retrospective and scenario-based modeling 782 
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– compared to the rotational drum results, are largely the previously described volume effects and greatly 783 
intensified rock comminution in large events (see also section 2.2). This includes the influence of the particle 784 
size on runout distance: for a given volume, μapp is expected to be smaller for smaller particle sizes (Campbell et 785 
al., 1995; Legros, 2002). The particles used in the experiments are large compared to the volumes, however this 786 
was necessary to minimize cohesion (as described previously) which would have led to stick-slip effects (Mair et 787 
al., 2002) when ice melted, possibly increasing µθ. Another argument is that rapid mass movements that include 788 
large portions of ice often also travel over glaciers, which as basal low friction surfaces possibly have much 789 
stronger consequences on μapp (Cleary and Campbell, 1993; see also ice-ice friction values far below 0.1 as 790 
measured by Maeno et al., 2003) than incorporated ice. This boundary effect was not included in our 791 
experiments. Instead, the basal roughness of both drums captures a thin layer of particles from the moving 792 
material rising the boundary friction µ consequently close to the static internal friction µstat (but still somewhat 793 
smaller due to the movement of the granules). Water can have a much stronger effect on reducing friction if it is 794 
concentrated in thin layers. (e.g. Maeno et al., 2003; Prager et al., 2006). This requires relatively impermeable 795 
material which overrides saturated debris which was not the case with the relatively permeable gravel used in the 796 
experiments. Finally, comminution of ice and rock was strongly limited in the experiments (see scaling of 797 
fracture toughness in section 2.2). Dynamic fragmentation reduces effective shear stress by carrying a dispersive 798 
pressure due to failing individual grains (release of elastic energy) and the mechanism is intensified for reduced 799 
material strengths (Davies et al., 2007; 2010). This may explain that volcanic debris avalanches comprising 800 
weakened, hydrothermally altered rock with a lower mechanical strength usually have a higher mobility 801 
compared to non-volcanic events (Davies et al., 2010; Korup et al, accepted). The strength of ice is much lower 802 
than the one of volcanic material, so it is possible that dynamic fragmentation could be significantly intensified 803 
in large natural rock-ice avalanches, causing a further reduction of the friction coefficient and consequently 804 
longer runout distance of the material. However more detailed investigations will have to be performed to verify 805 
if the dynamic fragmentation hypothesis can be extended to ice. 806 
 Therefore we suggest that ice as part of the moving mass (argument 1 from introduction) and as a supplier of 807 
meltwater (argument 2) may be a significant, but possibly not the most important reason for the high mobility of 808 
rapid mass movements from glacial environments. Argument 3 which states that underlying glacier ice serves as 809 
a low friction surface for overriding rapid mass movements may be the dominant factor, particularly during the 810 
early acceleration phase in steep terrain, where kinetic energy greatly increases (Schneider et al., in revision).  811 
 812 
5.2 Implications for hazard assessment 813 
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The results quantitatively show that granular ice can significantly reduce the friction coefficient as part of a 814 
granular moving mass. Therefore, hazard assessments of slope instability where ice may be involved need to 815 
consider a higher mobility of possible rock-ice avalanches as proposed by others (e.g. Evans and Clague, 1988). 816 
This can be done by applying smaller friction values in numerical modeling of failure and flow propagation 817 
scenarios (e.g. Bottino et al., 2002). When different ice contents are considered, Fig. 10 and 12 can be used to 818 
estimate the expected decrease in friction for numerical modeling: A rough estimate from the laboratory 819 
experiments is, that the friction coefficient of a constant volume of a moving mass may be reduced by ~20% for 820 
pure dry granular ice compared to pure dry granular rock (however, variations can be strong as presented in 821 
section 4.2). Hence, the friction of a dry granular rock-ice avalanche with 50% ice content by volume may have 822 
a friction that is 10% smaller than a pure dry granular rock avalanche of the same volume. This effect is 823 
significant, but not large enough to entirely explain the small apparent friction coefficients observed in nature.  824 
The reduction of friction related to flow transformations (e.g. due to melting ice and consequent increases in 825 
pore pressure if the flow is undrained, e.g. Fig. 14) could also be used in scenario generation for model 826 
simulations for hazard assessment. This can be useful either for rock-ice avalanches where the ice may be the 827 
main contributor of water, but also for dry rock avalanches which could erode saturated soil along the flow path 828 
to form a more mobile debris-flow (Hungr and Evans, 2004), or when the debris is continuously diluted on its 829 
downstream path (Pierson and Scott, 1985). Melting water caused a reduction of the friction coefficient by more 830 
than 50% (in our experiments reduction of the friction coefficient from 0.72 to 0.31 from a dry to a fully 831 
saturated flow) which is much more effective than the effect of ice measured in this study but also requires much 832 
more time to become effective. 833 
The friction values presented herein should not be used directly and need to be adapted to the corresponding 834 
avalanche volume and environmental setting, such as topography (e.g. runup, lateral swash, and deviations, 835 
where additional energy is dissipated), surface characteristics (e.g. low friction glacial surface vs. high friction 836 
surface with large roughness elements), geological material properties (e.g. grain-size distribution, lithology, 837 
clay content), and erosion potential (availability of erodible material). Therefore, the relative reduction of the 838 
friction related to ice and pore-water pressure effects as suggested may be better suited to estimate the possible 839 
influence of ice and water on rapid granular mass movements than the absolute values from the laboratory.  840 
 The influence of ice on the frictional behavior may be enhanced for larger events, and positive feedbacks can 841 
further reduce the friction coefficients. For example, a rock-ice avalanche travelling over a glacier may increase 842 
its velocity significantly. If more kinetic energy is dissipated (e.g. when the mass reaches regions with a larger 843 
boundary friction), larger amounts of water may be melted in shorter time periods and possibly concentrated in 844 
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thin shear layers, with a consequent increase in runout distance. Our data may serve as a minimum estimate of 845 
the influence of granular ice and water on friction and help in modeling different scenarios of varying ice and 846 
water contents in a rapid mass movement and related flow transformations. 847 
 848 
6. Conclusions 849 
 The main objective of this study was to quantify the influence of ice on friction in rapid granular mass 850 
movements and on related phase transitions when ice is melting. The experiments provide new laboratory 851 
evidence to illustrate these effects and our results suggest that the presence of ice in the moving mass is 852 
important both as a part of the moving material and as supplier of water for the flow itself. However, scale 853 
effects are difficult to quantify and need to be considered if friction values are extrapolated to natural flows. The 854 
data from the laboratory experiments are leading to two individual conclusions: 855 
(1) The friction coefficient of granular gravel-ice mixtures in the rotating drums is linearly related to 856 
volumetric ice content: the larger the ice content, the smaller the friction. The friction of the experimental series 857 
with the broadest variation of the ice content was reduced by approximately 20% for pure granular ice compared 858 
to gravel only. Different grain-sizes and grain shapes can influence this value.  859 
(2) The runs with initial ice contents larger than 40% by volume were affected by liquefaction due to 860 
increasing contents of melt water during the later phase, around 15 minutes after the beginning of the 861 
experiments and later. Pore-water pressures developed from the rear to the snout, causing the liquefaction ratios 862 
to rise. Concomitantly, the friction coefficients were reduced and flow phase transitions from a dry granular 863 
mass to a debris-flood or debris-flow-like movement and finally to a hyperconcentrated flow evolved. Flow 864 
transformations are directly related to the water content and corresponding changes in the friction coefficient. 865 
 Future challenges remain in finding reasonable friction coefficients corresponding to certain topographic and 866 
geologic settings that can be applied for scenario modeling. It is important to note that natural events usually 867 
have smaller friction coefficients than found in the laboratory experiments. This is likely due to other effects 868 
reducing the friction of a rapid mass movement, such as sliding on low friction surfaces (e.g. glacier ice), 869 
volume- or size effects, dynamic fragmentation, wider grain size distributions, and the concentration of 870 
lubricants (e.g. water) to thin layers which further reduce the friction coefficient and need to be considered 871 
additionally. While the presented laboratory experiments help to determine friction coefficients on a relative 872 
basis for rapid mass movement scenarios containing different amounts of ice and water, the role of the 873 
mentioned other processes was not assessed and therefore is proposed to be investigated in more detail in future 874 
studies.  875 
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 876 
7. Notation 877 
Abed Area on drum bed which is covered by flow [m
2
] 878 
ac,avg depth-averaged centripetal acceleration [m/s
2
] 879 
ac,max maximum centripetal acceleration [m/s
2
] 880 
COA center of area 881 
COM center of mass 882 
d drum diameter [m] 883 
D16  16%-percentile of grain-size distribution [mm] 884 
D50  median grain-size [mm] 885 
D84  84%-percentile of grain-size distribution [mm] 886 
Fr Froude number [-] 887 
Frrot rotational Froude number [-] 888 
Frhyd hydraulic Froude number [-] 889 
g gravitational acceleration [m/s
2
] 890 
H  drop height [m] 891 
h characteristic height for Froude number [m] 892 
havg average flow height of entire flow profile [m] 893 
hmax maximum flow height of entire flow profile [m] 894 
hmean  filtered mean flow height within one angular degree [m] 895 
hmedian  filtered median flow height within one angular degree [m] 896 
hσ  representative flow height derived from normal stress data σmean [m] 897 
K   fracture toughness [Pa m
0.5
] 898 
L    travel distance [m] 899 
Lq average liquefaction ratio of entire flow [-] 900 
NB Bagnold number [-] 901 
NR Reynolds number [-] 902 
NS Savage number [-] 903 
NM Mass number [-] 904 
pwp basal pore-water pressure [Pa] 905 
pwpmean  filtered basal pore-water pressure within one angular degree [Pa] 906 
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pwpsum sum of the 1°-bins of the pore-water pressure values of the entire profile [Pa] 907 
r inner drum radius [m] 908 
sh standard deviation of hmean [m, Pa, Nm] 909 
spwp standard deviation of pwpmean [m, Pa, Nm] 910 
su standard deviation of udrum [m, Pa, Nm] 911 
strq standard deviation of trqnet [m, Pa, Nm] 912 
sσ standard deviation of σmean [m, Pa, Nm] 913 
sτ standard deviation of τmean [m, Pa, Nm] 914 
t time [min] 915 
Tcubes mean flow temperature from all cube loggers [°C] 916 
Ttc,lab laboratory temperature from thermocouple [°C] 917 
Ttc,flow flow temperature from thermocouple [°C] 918 
Trqnet torque (net) [Nm] 919 
Trqgross torque (gross) [Nm] 920 
Trqtare torque (tare) [Nm] 921 
u velocity [m/s] 922 
udrum rotational velocity at bottom of drum [m/s, rpm] 923 
utyp typical velocity of a natural event [m/s] 924 
V volume of mixture [m
3
] 925 
Vh volume derived from hmedian [m
3
] 926 
Vσ volume derived from hσ [m
3
] 927 
w drum width [m] 928 
x ice content [vol-%] 929 
xCOM x-coordinate of COM [m] 930 
yCOM y-coordinate of COM [m] 931 
α drum angle (position) [°] 932 
αCOM deflection angle of center of mass [°] 933 
  shear rate for havg [s-1] 934 
ΔH height difference [m] 935 
δ  characteristic grain diameter [m] 936 
θ vertically projected angle of center of mass [°] 937 
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λK fracture toughness scale [-] 938 
λL length scale [-] 939 
λρ density scale [-] 940 
µ  friction coefficient [-] 941 
µapp  apparent friction coefficient [-] 942 
µτ/σ  dynamic bulk friction coefficient from τbas and σbas [-] 943 
µτ/σ,med  median of µτ/σ along the entire flow profile [-] 944 
µstat  static internal friction coefficient [-] 945 
µtrq dynamic average bulk friction coefficient from τtrq and σavg [-] 946 
µθ dynamic average bulk friction coefficient from tan θ [-] 947 
νf fluid volume fraction [-] 948 
νs  solid volume fraction [-] 949 
ρbulk (apparent) dynamic bulk density [kg/m
3
] 950 
ρdyn  average dynamic bulk density of entire mixture [kg/m
3
] 951 
ρf average density of fluid (air, dusty air or water) [kg/m
3
] 952 
ρs average density of solids (rock and ice) [kg/m
3
] 953 
ρstat average static bulk density of entire mixture [kg/m
3
] 954 
ς standard deviation of the grain-size distribution as calculated from (D84/D16)
0.5
 [-] 955 
σavg  average basal normal stress of entire flow profile [Pa] 956 
σbas basal normal stress [Pa] 957 
σmean  filtered mean basal normal stress within one one angular degree [Pa] 958 
σsum sum of the 1°-bins of the basal normal stress values of the entire profile [Pa] 959 
τbas basal shear stress [Pa] 960 
τmean  filtered mean basal shear stress within one angular degree [Pa] 961 
τtrq average shear stress from torque measurement [Pa] 962 
η fluid viscosity [Pa s] 963 
ω angular velocity [rad/s] 964 
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Table 1: Given and target characteristics of the smaller drum (V) and 
larger drum (B). The proportions of individual parameters of the 
smaller to the larger drum are indicated with V:B. 
 
Smaller  
drum (V) 
Larger  
drum (B) 
V:B 
diameter (d) 246 cm 399 cm 0.62 
width (w) 45 cm 80 cm 0.56 
percentage fill 4.00 % 4.00 % 1.00 
roughness 2 mm 25 mm 0.08 
max segment height (hmax) 20.5 cm 33.2 cm 0.62 
max centripetal acc. (ac,max) 2.19 m/s
2 2.19 m/s2 1.00 
target volume (V) 0.0856 m3 0.4000 m3 0.21 
Target rotational velocity (udrum) 1.64 m/s 2.09 m/s 
(B13-050a: 
1.27 m/s) 
0.78 
target rotational Froude number 
(Frrot) 
0.22 0.22 1.00 
target hydraulic Froude number 
(Frhyd) 
1.16 1.16 1.00 
D50 gravel 9.1 mm
b 
6 mmc 
5.6 mmd 
16 mme 
1.52 
1.63 
0.57 
D50 ice 11 mm 20 mm 0.55 
Internal static friction coefficient 
of dry gravel (µstat) 
0.88 (41.5°)b 
0.84 (40.0°)c 
0.75 (37.0°)d 
0.80 (38.5°)e 
- 
Internal static friction coefficient 
of granular ice at -10°C (µstat) 
0.54 (28.5°) 0.55 (29.0°) - 
a B13-050 stands for Berkeley-experiment #13 with 50% ice by volume (see 
Table 2). 
b quartz, c angular basalt, d rounded basalt, e dacitic andesite. 
Table 2: Overview of experiments and some characteristics of the gravel in the smaller and larger drum. ‘V’ relates to ‘Vienna’ and ‘B’ to 
‘Berkeley’, followed by a chronological number according to the temporal order of the runs, and a second number relating to the ice content in 
percent by volume. 
grain-size 
D50 [mm] 
rotational 
velocity 
lithology shape ice content [vol-%] 
udrum [m/s]   0 10 20 30 40 50 60 70 80 90 100 
Smaller drum (Vienna)      
9.1 1.64 quartz angular V09-000 V08-010 V06-020 V05-030 V02-040 
V01-050 
V10-050 
V03-060 V04-070 V07-080 V11-090 V12-100 
Larger drum (Berkeley)      
6 2.09 basalt angular  B04-010  B02-030  B01-050  B03-070  B05-090  
5.6 2.09 basalt rounded     B07-040 B06-050 B08-060     
16 2.09 dacitic andesite angular     B11-040 B09-050 B10-060 B12-070    
16 1.27 dacitic andesite angular      B13-050      
Table 3: Calculation of static pore space, excess water and sediment concentrations for the larger drum experiments. All density values are based on 
static measurements of the basalt/dacitic andesite gravel and the total volume of the mixtures at the beginning of the experiments (0.400 m3).  
Experiment number B04-010 B02-030 B01-050 B03-070 B05-090 B07-040 B06-050 B08-060 B11-040 B09-050 B10-060 B12-070 B13-050 
Ice content [vol-%] 10 30 50 70 90 40 50 60 40 50 60 70 50 
static ice  bulk density [kg/m3] 565 565 565 565 
static gravel  bulk density start [kg/m3] 1,500 1,600 1,550 1,550 
static gravel  bulk density end [kg/m3] 1,600 1,650 1,640 1,640 
Density of solid rock [kg/m3] 2,800 2,800 2,740 2,740 
Ice and water weight [kg] 22.6 67.8 113.0 158.2 203.4 90.4 113.0 135.6 90.4 113.0 135.6 158.2 113.0 
Rock weight [kg] 540.0 420.0 300.0 180.0 60.0 384.0 320.0 256.0 372.0 310.0 248.0 186.0 310.0 
Static pore space in gravel [L] 144.6 112.5 80.4 48.2 16.1 95.6 79.7 63.7 91.1 75.9 60.7 45.5 75.9 
Excess water when all pores filled [L] -122.0a -44.7a 32.6 110.0 187.3 -5.2a 33.3 71.9 -0.7a 37.1 74.9 112.7 37.1 
Sediment concentration when all ice had 
melted [vol-%] 
57a 57a 46b 28b 9 59a 49b 39b 60a 48b 39b 29b 48b 
a These runs do not reach full saturation and air-filled pore space is still available (negative excess water values). The sediment concentration can not be higher than the 
tightest packing of the grains allows.  
b Hyperconcentrated flow from a later phase until all ice has melted can be expected from calculated values (note that real excess water can be less due to water loss to 
the inner drum surface. Transition includes debris-flow-like movement. 
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Table 4: Physical parameters and dimensionless numbers for the beginning of the rotating drum experiments and for some natural events. Note 
that the values of the drum experiments and natural events only relate to the dry stage when no water was available. The numbers may change 
considerably when ice is progressively melts. 
  
Rotating drum experiments (dry stage)a Natural events (dry stage) 
  
Smaller drum 
V01-050 ˗ 
V12-100 
Larger drum 
B01-050 ˗ 
B08-060 
Larger drum 
B09-050 ˗ 
B12-070 
Larger drum 
B13-050 
Elmb Aoraki/ 
Mt. Cookc 
Kolkad Iliamna  
Red Glacierc 
volume (m3) V 8.56*10-2  4*10-1  4*10-1  4*10-1  1*107  6*107  1.3*108  1.6*107  
ice content (vol-%) x 0–100 30–90 40–70 50 0 50 60 80 
characteristic grain diameter (m) δ 0.01 0.007–0.019 0.018–0.019 0.018 1 0.3 1 0.2 
avg flow height (m) havg 0.13–0.15 0.15–0.20 0.18 0.21 10 13.3 26.7 6.7 
avg normal stress (Pa) σavg 700–2,000 1,200–2,600 1,500–2,000 1,800 120,000 140,000 270,000 70,000 
velocity (m/s) u 1.64 2.09 2.09 1.27 50 55 50 50 
shear rate for havg (s
-1)e   22–25 21–28 23–24 12 5 1.8 1.3 3.3 
avg density of solids (kg/m3) ρs 900–2,700 1,100–2,600 1,500–2,000 1,800 2,800 1,900 1,100 1,700 
fluid density (kg/m3) f ρf 1.2 1.2 1.2 1.2 2 2 2 2 
Avg dynamic bulk density of 
rock-ice mixture (kg/m3) 
ρdyn 400–1,050 920–1,530 1,150–1,560 940 1,500 1,100 950 1,000 
fluid viscosity (Pa s)f η 1.7*10-5 1.7*10-5 1.7*10-5 1.7*10-5 2*10-5 2*10-5 2*10-5 2*10-5 
volume fraction solid 
(dimensionless) 
νs 0.56 0.56 0.58 0.58 0.6 0.6 0.6 0.6 
volume fraction fluid 
(dimensionless) 
νf 0.44 0.44 0.42 0.42 0.4 0.4 0.4 0.4 
Froude numberg Frhyd 1.3–1.5 1.5–1.8 1.6 0.9 5.1 3.2 2.5 4.1 
Reynolds number NR 141–187 80–619 485–560 274 500,000 17,000 125,000 13,000 
Bagnold number NB 1.9–4.0*10
5 2.0–8.4*105 1.0–1.1*106 5.8*105 1.1*109 2.3*107 1.0*108 1.7*107 
Savage number NS 0.036–0.045 0.013–0.145 0.088–0.112 0.024 0.231 0.001 0.004 0.003 
Mass number NM 1,000–2,800 1,400–2,500 1,700–2,300 2,100 2,100 1,391 824 1,250 
friction coefficients  
µθ  
µapp 
0.58–0.72 
- 
0.50–0.70 
- 
0.51–0.67 
- 
0.63 
- 
- 
0.29 
- 
0.4 
- 
0.08–0.15 
- 
0.2 
a Value ranges are related to the range of ice content used in the corresponding series. 
b Hsü (1978) and Iverson and Denlinger (2001). 
c Schneider et al. (2010). 
d Huggel et al. (2005). 
e Shear rate for drum experiments was calculated by 2*udrum/havg and for natural events by utyp/havg. 
f Fluid density and viscosity for air was used for the drum experiments, and  the values of dusty air for the natural events respectively. 
g Froude number values are slightly higher than those in Table 1 because havg was used instead of hmax. 
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Fig. 1: Smaller rotating drum in Vienna (a) and larger rotating drum 
in Berkeley (b). 
 
Fig. 3: Cumulative grain-size distribution of the gravel and ice from 
sieve analysis. Letters a–g in legend correspond to the grains shown 
in Fig. 2. 
 
Fig. 2: Gravel and ice which were used for the experiments in the smaller drum (a, b) and in the larger drum (c–g). a) Pre-experiment angular 
quartz-gravel, 4–16 mm, D50 = 9.1 mm. b) Cylindrical ice-pellets, -10°C, 6.3–16 mm, D50 = 11 mm. c) Pre-experiment fine angular basalt-gravel, 
3.35–11.2 mm, D50 = 6 mm. d) Post-experiment fine rounded basalt-gravel, D50 = 5.6 mm. e) Pre-experiment coarse angular dacitic basalt-gravel, 
6.7–26.5 mm, D50 = 16 mm. f) Post-experiment coarse rounded dacitic basalt-gravel, D50 = 14.5 mm. g) Ice-shards, -10°C, 6.7–26.5 mm, D50 = 20 
mm. 
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Fig. 4: Smaller and larger rotating drums in Vienna and Berkeley (adapted from  Kaitna and Rickenmann (2007) and Hsu (2010)). a) laser 
(measurement range is indicated for the larger drum), b) load cell, c) shear cell, d) pore-water pressure, center, e) pore-water pressure, side, f) in-
flow temperature loggers, g) in-flow thermocouples, h) thermocouple for laboratory temperature, i) camera (view angle is indicated), j) gravel-ice 
mixture flow lobe, k) roof (drop protection), l) brush/curtain (splash protection), m) steel frame. Note the two sensor groups in the smaller drum 
which are called ‘left’ and ‘right’. 
 
Fig. 5: Example for measured data during one early minute in the smaller drum and a late minute in the larger drum. The data from the smaller 
drum (a–c) is from the left and right sensor group resulting in 2x11 complete rotations, while the data from the larger drum (d–f) contains 5 
complete drum rotations for normal stress and pore-water pressure, and 300 laser sweeps. Datapoints are binned to 1° intervals to calculate the 
mean, median and standard deviation profiles. Furthermore, all profiles were smoothed by lowpass filtering at 5°. Note that mean and median for 
the laser data in the smaller drum (a) is nearly identical so that the individual lines are not distinguishable on this scale. In the larger drum, the 
mean and median of the laser data (d) diverges to the tail where the flow surface gets more disturbed by drops and splashes. 
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Fig. 6: Measured average velocities udrum of all experiments 
compared to the target rotational velocity from Table 1. Note that 
some markers of the velocities from the larger drum are printed on top 
of each other. 
 
 
Fig. 7: Calculation of the centroid derived from the laser data 
hmedian(α,t) and the center of mass (COM) from the flow height 
derived from the normal stress data hσ(α) for the first minute of 
experiment V03-060 with 60% ice by volume. The slope which is 
used as a reference is angle θ(t). xCOM(t) and yCOM(t) are the 
cartesian coordinates of the COM, αCOM(t) its angular position, and r 
the drum radius. If the hσ(α,t)-curve is higher than the one for 
hmedian(α,t) the local apparent bulk density ρbulk(α,t) is higher than the 
average dynamic apparent bulk density ρdyn(t). 
 
Fig. 8: Images from the video camera of the first minute of 11 experiments in the smaller drum. On some images, the thermocouple sticking into the 
moving mass is visible at the lower right (e.g. in subfigure g). Flow direction is from right to left while the drum rotated the opposite direction.  Note 
that the view angles of the camera are only similar but not identical. 
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Fig. 9: Overview of measurements and some derived data from experiment V10-050 in the smaller drum in Vienna with 50% ice by volume and for 
the first 5 minutes. 
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Fig. 10: Dependence of  dynamic average bulk friction coefficients on 
ice content during the first 5 minutes (min 1–5) of all experiments in 
the smaller drum (Vienna) and from two different calculation 
methods. The upper curve results from µθ(t) (Eq. 8) and the lower 
curve results from µtrq(t) (Eq. 10). Control run V10-050 was 
performed after 9 previous experiments, so that the lower values may 
result from a lower friction due to abrasion of the bed roughness. R2 is 
the linear correlation coefficient of all data points, and indices (a) and 
(b) for differentiation between Eq. 15 and 16. 
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Fig. 11: Overview of measurements and some derived data from experiment B12-070 in the larger drum in Berkeley with 70% ice by volume and for 
all recorded minutes 1–39. 
 
Fig. 12: Dependence of dynamic average bulk friction coefficients on ice content during the early minutes 1, 3, and 5 of all experiments in the larger 
drum (Berkeley) as derived from  µθ(t). a) fine gravel at a rotational velocity of 2.09m/s for  angular grains (D50 = 6mm) and for slightly rounded 
grains (D50 = 5.6mm).  b) Coarse gravel (D50 = 14mm) at a rotational velocity of 2.09m/s and 1.27m/s. R
2 is the linear correlation coefficient of all 
data points, and indices (c), (d), and (e) for differentiation of Eqs. 17–19. 
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Fig. 13: Images from the video camera of every 4th minute of experiment B12-070 with 70% ice content in the larger drum show the flow 
transformation from a dry granular mixture (a–b) to a debris-flow-like movement (c–g), and finally to a hyperconcentrated flow-like behavior (h–j). 
On the right side, the thermostat sticking into the moving mass is visible. In (g), the normal force plate is visible right before the liquid front of the 
flow. Flow direction is from bottom to top while the drum rotated the opposite direction. Note that on these images, the view angles of the camera are 
identical. 
 
Fig. 14: Subfigures a–d show the dependence of the dynamic average bulk friction coefficient µθ on ice and water content over time for all 
experiments in the larger drum. The friction is calculated by Eq. 8 (see Fig. 7). Experiments were stopped when all ice had melted or if the flow 
became highly unsteady. Subfigures e–h show the liquefaction ratio from Eq. 12. During the initial 5–15 minutes, water was retained as an 
intergranular water film (I). After time (II), the flow body got increasingly saturated and developed a debris-flow-like movement. If the water 
contribution from melting ice was large enough, a hyperconcentrated flow formed after ~30 minutes.  
 
